ABSTRACT. Bone 7-carboxyglutamic acid protein [BGP (osteocalcin)] is a protein synthesized by osteoblasts and incorporated in the bone matrix. Serum BGP is a sensitive marker of bone formation, and it parallels the growth velocity curve during childhood and adolescence. Serum BGP was measured at the age of 2,6, and 9 mo in a cohort study of nutrition and growth in 91 healthy infants. At 2 mo, the mean BGP value ( f SD) was 275 f 87 ng/mL in infants exclusively breast-fed, and 80 f 44 ng/mL in formula-fed infants. At 6 mo, the values were 142 + 58 ng/ mL and 55 + 30 ng/mL, and at 9 mo 75 2 39 ng/mL and 45 f 19 ng/mL in partially breast-fed and formula-fed infants, respectively. The differences were significant ( p < 0.001) at all three ages. At 2 and 9 mo, breast-milk intake was measured by test-weighing. Serum BGP was positively correlated to breast milk intake (mL/kg body wt) at 2 mo ( r = 0.59, p < 0.001) and 9 mo ( r = 0 . 4 1 ,~ = 0.06). When breast-feeding was stopped, the high BGP concentrations were not sustained. There were no significant differences in linear growth velocity between breast-fed and formulafed infants and no correlation between BGP values and linear growth velocity. We speculate that either a factor in human milk or the level of minerals in human milk causes the high BGP values. Moreover, if the higher values are associated with increased osteoblast activity, then the remodeling or the mineralization of bone might be different in infants not being breast-fed. (Pediatr Res 31: 401-405, 1992) Abbreviations BGP, bone 7-carboxyglutamic acid protein (osteocalcin) BGP is a 49-residue protein that contains three residues of the vitamin K-dependent Ca++ binding amino acid, y-carboxyglutamic acid (1, 2). BGP is known to be synthesized only by the bone-forming cells, the osteoblasts, and in small amounts by the odontoblasts (3, 4) . Although the majority of this protein accu-
mulates in bone, nanomolar concentrations circulate in blood, where it can be measured by RIA (5, 6 ). The precise physiologic role of BGP in the skeleton is still unknown. However, the appearance of BGP in embryonic bone coincident with mineral deposition (7) , its association with the hydroxyapatite component of the matrix (8) , its chemoattractant property for cells capable of bone resorption (9) , and its modulated synthesis by the calcitropic hormone 1,25-(OH)>D (3, 10, 11) suggest a role for BGP in the bone turnover.
The first year of life is the period with the highest linear growth velocity, and an extensive remodeling of all bones also takes place during that period (12) . The amount of calcium and phosphorus retained during the first year of life is very high, and much interest has focused on the amount of bone minerals and the rate of absorption from different infant diets. Feeding makes a profound difference in the mineralization of bone in the preterm infant (13) , and in term infants there is much interest in the influence of diet on bone minerals (1 3).
Several studies have demonstrated that serum BGP is a sensitive marker of bone formation (14, 15) and that it parallels the growth velocity curve in children and adolescents aged 2-19 y (16) (17) (18) . One preliminary study of non-age-matched infants suggested that serum BGP concentrations were higher in breastfed infants (1 9).
The aim of the present study was to relate serum BGP concentrations in age-matched infants to the type of feeding and to linear growth velocity.
MATERIALS AND METHODS
The present study was part of the Copenhagen Cohort Study of Infant Nutrition and Growth, which is a prospective cohort study of infants born at Hvidovre Hospital, with the infants being followed from birth to the age of 12 mo. Singleton infants with a gestational age between 37 and 42 wk, a birth weight between the 10th and 90th percentiles for gestational age (20) , and no severe disease or malformations who were born of Danish parents were eligible. The mothers were not influenced in their choice of feeding.
One hundred thirty-nine infants were selected at random for the study group and 112 for the control group from all the deliveries at Hvidovre Hospital from October 1987 to February 1988. The control group, which was not contacted before the infant was 9 mo old, was included in the study to check whether the close observation with food registrations, test weighings, anthropometry, and blood samples was influencing the feeding pattern of the infants in the study group. After parental information and consent, 91 infants entered the study group and 59 infants entered the control group. Of the 9 1 infants who entered the study group, 84 completed the study up to the age of 12 mo. A detailed comparison of the study group and the control group will be published elsewhere. There were no significant differences between duration of breast-feeding in the two groups. The study was approved by the local ethics committee.
Anthropometry. Weight, knee-heel length using an infant knemometer (21) , and crown-heel length using a measuring board were recorded. Growth velocity was calculated as the difference between two measurements divided by the number of days between the two measurements. The infant knemometer measures knee-heel length, and thereby growth velocity, with high precision in preterm and mature infants. The standard error in measuring knee-heel growth velocity (expressed as mm/d) over a 2-mo period is approximately 0.02 mm/d, corresponding to a coefficient of variation of 7% when measuring infants from 1-3 mo (2 1). Ninety-nine percent of all measurements were done by the same observer (K.F.M.). The following examinations were used in the present study: 1, 3, 6, 9, and 12 mo.
Breast-feeding. Exclusive breast-feeding allowed supplements of water and up to two meals with formula or solids per week. Infants were classified as partially breast-fed as long as they were fed from the breast at least once daily. Infants were classified as formula-fed if they were not taking any breast milk, although some infants at the age of 6 and 9 mo were eating a mixed diet with cow's milk and no formula. All mothers intended to breastfeed. However, the number of infants weaned completely increased gradually throughout the study period from a few weeks after delivery. Twenty, 45, and 66% of the infants were weaned completely at the age of 2, 6, and 9 mo, respectively. None of the infants were exclusively breast-fed for more than 6 mo. Infants still being partially breast-fed at the age of 9 mo were receiving an average of 3 18 mL (SD 20 1 mL) of breast milk per 24 h.
Human milk intake. Human milk intake was determined by test weighing the infants in their homes at the age of 2 mo (during 48 h) and 9 mo (during 5 d). The infants were weighed on Sartorius (Westbury, NY) IP 65 electronic balances programmed to perform 40 weighing over a 10-s period and to show the mean on a digital display.
Food records. Records of food intake were made by the parents when the infants were 2 mo (during 48 h, weighing), 6 mo (during 24 h, household measures), and 9 mo (during 5 d, weighing) of age. Breast-feeding status was recorded monthly. Total calcium and phosphorus intake from all foods, including human milk, was calculated using the Dankost computer program, developed by the Danish National Food Agency. A calcium and phosphorus content in human milk of 235 mg/L (5.88 mmol/L) and 142 mg/L (4.54 mmol/L), respectively, was assumed (22) .
In 30 (13%) cases where a serum BGP result was available, the food registration (food record and/or test weighing) was not performed or was regarded incomplete and excluded.
Venous blood samples. At 2, 6, and 9 mo, 86, 79, and 125 infants were available for blood tests. The remaining infants refused blood sampling or were absent. The mean ages at the day of the blood tests were: 2 mo (61 3 d), 6 mo (185 t-8 d), and 9 mo (276 a 8 d). For ethical reasons, venous puncture was only attempted once, and it was successful in 83, 73, and 77% of the infants at the age of 2, 6, and 9 mo, respectively. Serum was stored at -20°C until analyzed.
Serum BGP was determined by RIA (23) . The antiserum used was raised in rabbits immunized with purified intact calf BGP, and homogenous calf BGP was used for standard and tracer. The standards were analyzed in duplicate, and for each serum sample duplicate samples of two or more different dilutions were analyzed. The sensitivity of the assay was 0.8 ng/mL, and the intraassay and interassay coefficients of variation were <7% and < 12%, respectively.
Serum calcium, phosphorus, and alkaline phosphatase were measured on an SMAC I1 autoanalyzer (Technicon Instruments Corp., Tarrytown, NY). The amount of blood was sufficient only for the analysis of BGP and not for the other tests in 13, five, and 11 infants at 2, 6, and 9 mo, respectively. Three of the alkaline phosphatase values were above 4000 units/L and were excluded from the analysis. They were assumed to be caused by acute infections, although this was not verified.
In the control group anthropometry, test weighing, food records, and blood samples were performed at the age of 9 mo only, and this group was therefore not included in the calculations of growth velocity.
All infants received vitamin K (1 mg) intramuscularly on the day of birth and a daily supplement of vitamin A (1200 IU), vitamin C (50 mg), and vitamin D (600 IU) from the age of 2 wk. At the age of 2 mo, the infants were receiving only standard formulas or human milk. The formulas had the following declared content: protein 15-17 g/L, energy 67 kcal/mL, calcium 440 mg/L (1 1 mmol/L), phosphorus 310 mg/L (9.9 mmol/L), vitamin D 6-1 3 gg/L, and vitamin K 55 gg/L (vitamin K was only declared in one brand). One infant received an unmodified formula with a higher content of protein and minerals. No infant was exclusively breast-fed beyond the age of 6 mo.
Statistical methods. Sample means were compared by oneway analysis of variance. Pearson's product-moment correlation coefficient and regression analysis were used. All calculated p values are two-tailed, and a p value of less than 0.05 was considered to indicate statistical significance.
RESULTS
Serum BGP values were significantly higher in infants receiving breast milk at 2, 6, and 9 mo (Table 1) . The values were highest at 2 mo, with decreasing values at 6 and 9 mo. No sex difference was observed in any of the groups. In 2-mo-old infants, there was a strong positive correlation (BGP = 3 1 + 1.7 x mL milk/kg; r = 0.59, n = 54, p < 0.001) between serum BGP and the intake of breast milk corrected for body weight when infants exclusively breast-fed and infants partially breast-fed were both included in the regression (Fig. 1) . However, there was also a significant positive correlation when only those exclusively breast-fed were included in the regression (BGP = 11 1 + 1.2 x mL milklkg; r = 0.30, n = 45, p = 0.04). At the age of 9 mo, there was also a positive trend, almost reaching significance (BGP = 54 + 0.7 x mL milk/kg; r = 0.41, n = 19, p = 0.06). The serum BGP values at the age of 9 mo were almost identical in the study group and the control group (Table I) , and in the following analysis these two groups have been combined.
To examine whether the effect of human milk influences the level of serum BGP after the infant is weaned completely, we have done the following analysis: The BGP values in infants who were no longer being breast-fed at 6 mo were compared according to breast-feeding status at the age of 2 mo, which was the time of the previous blood sample (Fig. 2 ). There were no significant differences in BGP values at the age of 6 mo, despite large differences in serum BGP values at 2 mo. Furthermore, serum BGP concentrations in formula-fed infants at the age of 6 mo were compared according to breast-feeding status at the age of 4 mo, and no significant differences in BGP levels were found.
The mean concentration (+ SD) was 55 a 27 ng/mL (n = 9) in the infants being breast-fed at the age of 4 mo and 58 a 33 ng/ mL (n = 15) in formula-fed infants.
Linear growth velocity during three periods was compared between breast-fed and formula-fed infants ( Table 2 ). The three periods were chosen to correspond with the three ages for blood tests. No significant differences between breast-fed and formulafed infants were found. Relations between BGP values at 2, 6, and 9 mo and linear growth velocity (crown-heel and knee-heel length) during the same three periods were examined, but no significant correlations were found.
Serum phosphorus was negatively correlated with BGP values Age (months) Fig. 2 . Serum BGP in formula-fed infants at 6 mo, grouped according to breast-feeding status at the previous blood test (2 mo). Only infants in whom it was possible to obtain a blood sample at both 2 and 6 mo have been included. e, exclusively breast-fed; A, partially breast-fed; and 0, not breast-fed. at 2 and 6 mo (r = -0.43, n = 58, p < 0.001 and r = -0.39, n = 53, p < 0.0 1, respectively), but not at 9 mo (r = -0.15, i z = 85). However, serum phosphorus could not explain a significant part of the variation in BGP at the age of 2 or 6 mo when it was entered in a multiple regression together with the amount of breast milk, expressed either as mLl24 h (2 mo) or number of meals124 h (6 mo). Serum calcium and serum alkaline phosphatase concentrations were not significantly related to BGP concentrations.
The estimated daily intake of calcium and phosphorus is shown in Table 3 . Calcium and phosphorus intake was strongly ( p < 0.001) related to breast-feeding status at both 2 and 9 mo.
To investigate the relative influence of human milk and mineral intake on the serum BGP level, we related human milk intake (mL/kg, volume = 0 in formula-fed infants) and calcium and phosphorus intake (mglkg) to serum BGP by multiple regression analysis. At 2 mo, only human milk intake was significantly ( p < 0.0001) related to serum BGP (R2 = 53%, n = 68). At 9 mo, both human milk intake ( p = 0.0001) and calcium intake (p = 0.04, negative regression coefficient) were significant (n = 75). At this age, human milk intake alone, could explain 37% of the variation in BGP, and when calcium was also included in the regression 40% could be explained.
DISCUSSION
The major finding of this study was that breast-fed infants had significantly higher serum BGP values than formula-fed infants. The difference was most pronounced at the age of 2 mo when there was a 3-fold difference in BGP values. We believe that the high values are caused by the intake of human milk, inasmuch as the level of serum BGP was positively correlated to the amount of breast-milk ingested and the effect of breast-feeding on BGP levels was not sustained when breast-feeding was stopped.
The RIA used for measuring serum BGP is sensitive, precise, and comparable with other BGP assays (24) . All infants in this study were born at term and were growing at a normal rate. Breast-feeding is the physiologic way of feeding an infant, and the high concentration of serum BGP in breast-fed infants must be regarded as a normal physiologic response that is not elicited in formula-fed infants. The same pattern is seen in rats, in which serum BGP concentrations are very high during suckling (-500 ng/mL); after weaning, the concentration drops rapidly (to -250 ng/mL) (25, 26) .
It is unlikely that the measured BGP in the breast-fed infants originates from the mother. If so. it must be concentrated by the mammary gland, inasmuch as serum BGP in lactating women is 9.5 ng/mL (27) or approximately '/?5 of the level in breast-fed infants at the age of 2 mo. BGP would also have to be absorbed intact through the gastrointestinal tract in large amounts.
Vitamin K status affects BGP synthesis, and vitamin K is a prerequisite for the synthesis of y-carboxylated residues (8) . If an increased amount of non-y-carboxylated BGP is produced in breast-fed infants because of considerable vitamin K deficiency, then less of the protein would bind to bone and a larger proportion would be found in the circulation. Current RIA for serum BGP do not differentiate between y-carboxylated and non-ycarboxylated BGP (3) . Hemorrhagic disease of the newborn is more prevalent in breast-fed infants (28) , suggesting that vitamin K deficiency is more prevalent in breast-fed infants. Plasma BGP has been reported to be significantly lower in 1-to 3-mo-old infants who were given oral vitamin K2 at birth and on the 7th d than in untreated infants. However, the children were not stratified according to type of feeding, and at 3 mo of age the difference in plasma BGP concentration had disappeared (29) .
We find it unlikely that the differences found in the present study are caused by vitamin K deficiency. First, an intramuscular injection of vitamin K was given to all infants at delivery. Second, there was still a significant difference in BGP concentration at the age of 9 mo when infants getting breast-milk were compared with formula-fed infants. At this age, the amount of breast-milk taken by the partially breast-fed infants is equivalent to only approximately 25% of the infants' energy intake. It is unlikely that this difference in diet could cause a marked difference in vitamin K status between the two groups.
The breast-fed infants in this study had a low intake of calcium and phosphorus compared with formula-fed infants, and in 9-mo-old children calcium was inversly related to serum BGP level. 1,25-(OH)?D stimulates BGP synthesis (3) , and the high BGP levels in breast-fed infants could be a result of increased serum 1,25-(OH)2D caused by a low dietary mineral intake. However, Lichtenstein et a[. (19) could not find a correlation between the serum BGP and serum 1,25-(OH)2D concentrations in infants and found no difference in the concentrations of serum 1,25-(0H)zD between breast-fed and formula-fed infants (30) .
The present data do not allow an explanation of the etiology of the large differences in serum BGP values. Likely explanations are either a factor in human milk, e.g. a hormone, growth factor, or vitamin that stimulates the osteoblasts to produce more BGP or increases the number of osteoblasts, or the differences in mineral intake between breast-fed infants and formula-fed infants. Despite a very large difference in serum BGP concentrations, we found no differences in linear growth velocity between breast-fed and formula-fed infants, which is in accordance with other studies (31, 32) . Furthermore, there was no correlation
between BGP values and linear growth velocity. If the high concentration of BGP in breast-fed infants reflects an increased osteoblast activity, the mineralization rate or the quality of the bone structure, and thereby the tensile strength, may be different in breast-fed infants than in formula-fed infants. We speculate that differences in diet during the first months of life may influence peak bone mass, which is an important determinant of the development of osteoporosis later in life.
